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Cyclin-dependent kinase 1 (Cdk1) initiates
mitosis and later activates the anaphase-
promoting complex/cyclosome (APC/C) to de-
stroy cyclins. Kinetochore-derived checkpoint
signaling delays APC/C-dependent cyclin B de-
struction, and checkpoint-independent mecha-
nisms cooperate to limit APC/C activity when
kinetochores lack checkpoint components in
early mitosis. The APC/C and cyclin B localize
to the spindle and poles, but the significance
and regulation of these populations remain un-
clear. Here we describe a critical spindle pole-
associated mechanism, called the END (Emi1/
NuMA/dynein-dynactin) network, that spatially
restricts APC/C activity in early mitosis. The
APC/C inhibitor Emi1 binds the spindle-organiz-
ing NuMA/dynein-dynactin complex to anchor
and inhibit the APC/C at spindle poles, and
thereby limits destruction of spindle-associated
cyclin B. Cyclin B/Cdk1 activity recruits the END
network and establishes a positive feedback
loop to stabilize spindle-associated cyclin B
critical for spindle assembly. The organization
of the APC/C on the spindle also provides
a framework for understanding microtubule-
dependent organization of protein destruction.
INTRODUCTION
Progression through mitosis depends on the periodic
accumulation and destruction of cyclins. Cyclin B accu-
mulates and activates the cyclin-dependent kinase 1
(Cdk1) in mitosis to form mitosis-promoting factor (MPF).
MPF drives chromosome reorganization and formation
of the mitotic spindle. Later in mitosis, MPF downregu-Dlates its own activity by initiating the ubiquitination and
destruction of cyclins by the anaphase-promoting com-
plex/cyclosome (APC/C), an E3 ubiquitin ligase (Murray,
2004). The delay between activation of the APC/C by
MPF at the beginning of mitosis and the destruction of
cyclin B at mitotic exit is critical to allow sufficient time
for the spindle to form and direct chromosome congres-
sion. Inhibition of the APC/C during this period is linked
to kinetochore-dependent activation of spindle assembly
checkpoint components (Lew and Burke, 2003; Yu,
2002), notably the APC/C inhibitors Mad2 and BubR1.
However, the potential role for other APC/C inhibitors, in-
cluding Emi1 (Miller et al., 2006), in contributing to APC/C
regulation in mitosis is poorly understood.
In S and G2 phases of vertebrate cells, Emi1 prevents
the premature destruction of cyclins A and B, thereby
allowing cells to progress into mitosis. As cells commit
to mitosis at nuclear envelope breakdown (NEBD), the
bulk of Emi1 is destroyed by the SCFbTRCP E3 ligase,
thus permitting selective activation of the APC/C to
degrade substrates in prometaphase, such as cyclin A
(Guardavaccaro et al., 2003; Margottin-Goguet et al.,
2003). The APC/C is restrained from destroying cyclin B,
in part by establishment of the spindle checkpoint (den
Elzen and Pines, 2001; Geley et al., 2001). In early mitosis,
however, checkpoint-independent mechanisms cooper-
ate to restrain APC/C activity when kinetochore signaling
is not yet fully established (Meraldi et al., 2004). Indeed,
a population of Emi1 localizes to the spindle poles in early
mitosis (Hansen et al., 2004), suggesting that this inhibitor
could function to regulate the APC/C during this critical
period when spindles are forming.
MPF activation drives spindle assembly by initiating
NEBD, which in turn permits Ran-GTP-dependent release
of microtubule-organizing activities to nucleate microtu-
bule asters (Nachury et al., 2001). MPF activity also pro-
motes microtubule organization by phosphorylating
microtubule-associated proteins and motor proteins
(Nigg, 2001). Spindle microtubules are integrated and
focused at spindle poles by several factors, including theevelopmental Cell 13, 29–42, July 2007 ª2007 Elsevier Inc. 29
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the spindle protein NuMA (nuclear mitotic apparatus), as
a critical step in the formation of the bipolar spindle
(Khodjakov et al., 2003; Maiato et al., 2004). Because
MPF regulates both spindle assembly and APC/C activa-
tion, a mechanism coupling the processes would ensure
proper timing of cyclin accumulation and destruction.
The mitotic spindle itself may organize and regulate
APC/C and MPF activity, thus providing a link between
the processes. Both cyclin B (Clute and Pines, 1999) and
the APC/C (Kraft et al., 2003; Tugendreich et al., 1995)
are localized to the spindle and poles inmitosis. Moreover,
cyclin B appears to be destroyed at the poles and spindles
at the metaphase-to-anaphase transition (Clute and
Pines, 1999; Raff et al., 2002; Wakefield et al., 2000).
These studies suggest that the organization of MPF and
the APC/C on the spindle potentially contribute to main-
taining the spindle structure and facilitating cyclin destruc-
tion during mitotic exit. How these components are
organized and regulated on the spindle is unclear.
Here we describe an essential regulatory network that
physically and functionally links the NuMA and dynein-
dynactin spindle-organizing components to the APC/C
and its associated inhibitor Emi1. We demonstrate that
a network of Emi1, NuMA, and dynein-dynactin (END)
spatially regulates the APC/C on the mitotic spindle to
prevent premature cyclin B destruction on the spindle.
Stabilization of cyclin B/Cdk1 activity promotes NuMA-
dependent assembly of microtubules at spindle poles
and reinforces the recruitment of the END network to
poles. We propose that the END network establishes
a positive feedback loop in early mitosis that sustains
localized cyclin B/Cdk1 activity on the spindle critical for
maintaining spindle integrity.
RESULTS
Emi1 and the APC/C Are Organized on Spindle Poles
by Microtubules and Dynein/Dynactin from NEBD
to Anaphase
Although the bulk of Emi1 is destroyed in late prophase
(Margottin-Goguet et al., 2003), a critical fraction (15%)
of the Emi1 protein persists after NEBD (Hansen et al.,
2004; Hsu et al., 2002). To better understand the potential
APC/C regulatory function of this population, we first
examined the localization of Emi1 and the APC/C core
subunit Cdc27 throughout the cell cycle by immunofluo-
rescence. In interphase, both Emi1 and Cdc27 appeared
mostly nuclear (Figure 1A). In early prophase, both Emi1
and Cdc27 remained diffuse, but at NEBD, when the
bulk of Emi1 is destroyed (Margottin-Goguet et al.,
2003), Emi1 and Cdc27 were localized to the mitotic spin-
dle, prominently at the poles (see Figures S1 and S2 in the
Supplemental Data available with this article online). Emi1
localization at the poles was not coincident with g-tubulin,
suggesting that Emi1 localized to the minus end of spindle
microtubules, distinct from the centrosomes (Figure 1A,
inset). Both Emi1 and Cdc27 remained at the poles until
metaphase (Figure 1A), but the pole localization of both30 Developmental Cell 13, 29–42, July 2007 ª2007 Elsevier Inc.proteins is markedly diminished in anaphase, with Cdc27
partly relocalizing to the spindle midzone (Figure 1A).
This localization of Emi1 and the APC/C to the poles be-
tween NEBD and anaphase correlates with a period
when the activity of the APC/C toward cyclin B is inhibited.
To characterize the factors that organize Emi1-APC/C
on the poles, we first tested whether this localization
requires microtubules. Microtubule disassembly induced
by nocodazole abolished mitotic spindle and pole locali-
zation of Emi1 and Cdc27, and recovery of microtubules
following washout quickly reestablished their localization
(Figure S3). Consistent with this, both Emi1 and Cdc27
localized to microtubule asters formed in the presence
of Taxol (Figures S5 and S6, arrows). To confirm a physical
interaction in vitro, we testedwhether both proteins copel-
let with Taxol-assembledmicrotubule asters (Gaglio et al.,
1995), and found that 10% of Emi1 and Cdc27 associ-
ated with the microtubule pellet fraction (see below;
Figure 1C; Figure S4), supporting our in vivo observations.
We next tested whether Emi1 and APC/C localization to
poles required the minus end-directed motor complex
dynein-dynactin. Disruption of dynein function by overex-
pression of the dynactin subunit p50dynamitin (Echeverri
et al., 1996) abolished Emi1 and Cdc27 spindle and pole
localization (Figure 1B). To confirm a direct dynein require-
ment in vitro, we used a microtubule aster pelleting assay
and found that the addition of two different dynactin inhib-
itors—the dominant-negative p150Glued-CC1 fragment
(Quintyne and Schroer, 2002) and p50dynamitin—each
inhibited the copelleting of both Emi1 and Cdc27 with
microtubule asters in a dose-dependent manner (Fig-
ure 1C; Figure S4). In contrast, pelleting of another micro-
tubule-associated protein, Eg5, with microtubule asters
was not disrupted (Figure 1C), indicating that disruption
of dynein-dynactin specifically displaced the APC/C and
Emi1 from microtubules. We conclude that both micro-
tubules and the dynein-dynactin motor complex are
required for recruitment of Emi1 and the APC/C to the
spindle poles.
To test whether the localization of Emi1 at the poles
represented a stable population, we asked whether the
pole localization would persist or diminish if cells were
blocked in mitosis with intact microtubules. When cells
were blocked in prometaphase using Taxol (Figure S5),
or blocked in metaphase by overexpression of Mad2
(Figure S7), Emi1 remained localized at the spindle poles
even after a prolonged mitotic block. Thus, Emi1 is stably
maintained at the poles through prometaphase/meta-
phase until the onset of anaphase.
Emi1 Forms a Complex with the APC/C
and the Spindle Assembly Protein NuMA
To better understand the organization and function of
Emi1 and APC/C localization at the pole, we identified
additional interacting partners by purifying the human
Emi1-APC/C complex. We recently demonstrated that
Emi1 forms a stable association with the core APC/C in
interphase cells (Miller et al., 2006). In addition to the
APC/C, we identified a 220 kDa associated protein
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The END Network Regulates APC/C at Spindle PolesFigure 1. Dynamic Localization of Emi1 and the APC/C to the Mitotic Spindle Poles
(A) Emi1 and the APC/C localize to the spindle poles in early mitosis. Immunofluorescence of HCT116 cells stained with anti-Emi1 or anti-Cdc27
antibodies. Centrosomes were visualized by costaining with anti-g-tubulin and cells were counterstained with Hoechst for DNA morphology. Inset
shows a magnified view of a spindle pole indicating that Emi1 (green) is localized to the poles and the adjacent spindle but its localization is not co-
incident with centrosomes marked by g-tubulin (red). The scale bar represents 5 mm.
(B) Emi1 and APC/C localization to the spindle poles is dynein-dependent. Asynchronous HCT116 cells were transfectedwithmyc-tagged p50dynamitin
or control vector for 48 hr. Cells were stained with anti-myc antibody and costained with anti-Emi1 or anti-Cdc27 antibodies. Spindle and pole local-
izations of Emi1 and Cdc27 were uniformly disrupted in cells overexpressing myc-tagged p50dynamitin (n = 15 cells each). The scale bar represents
5 mm.
(C) Emi1 and the APC/C bind to microtubules in a dynein-dependent manner. Mitotic HeLa extracts supplemented with ATP and combinations of
Taxol with p150-CC1 were incubated at 30C for 30 min before centrifugation to pellet microtubules. Pellets were separated by SDS-PAGE and
probed for Emi1, Cdc27, Eg5, and a-tubulin.(Figures S8 and S9) as the nuclear matrix and spindle
assembly protein NuMA. NuMA appeared to be a strong
candidate for a functional link to Emi1 and the APC/C,
given that NuMA similarly localizes to the nucleus in inter-
phase and is recruited to the poles by dynein-dynactin in
mitosis (Merdes et al., 2000).
To verify Emi1 interactions with the APC/C and NuMA,
and to determine whether these associations differed in
interphase and mitosis, we immunoprecipitated endoge-
nous Emi1 from lysates of interphase or mitotic cells and
examined coassociation with Cdc27 and NuMA. In inter-
phase lysates, both Cdc27 and NuMA coimmunopre-
cipitated with Emi1 (Figure 2A). In mitotic lysates, 15%
of endogenous Emi1 remained (Figure 2A) after the
destruction of thebulkpool (Hansenet al., 2004;Margottin-
Goguetet al., 2003), corresponding to the stablepopulation
of Emi1 at spindle poles (Figure 1A). Examination of Emi1Deimmunoprecipitates revealed that although 7-fold less
Emi1 was present in mitosis, comparable amounts of
Cdc27 and NuMA coprecipitated from both interphase
and mitotic extracts (Figure 2A). Thus, Emi1 appears to in-
teract preferentially with the APC/C and NuMA in mitosis.
Interestingly, Emi1 associated with the hypophosphory-
lated form of Cdc27 inmitosis (Figure 2A; Figure S11), sug-
gesting that Emi1 bound the spindle-associated formof the
APC/C (Kraft et al., 2003), and possibly maintains the APC/
C in its less active form. To validate the reciprocity of these
interactions, we performed the immunoprecipitations with
Cdc27 or NuMA antibodies and looked for the coassocia-
tion of Emi1, NuMA, and Cdc27. Both NuMA and Emi1
coimmunoprecipitated with Cdc27, and examination of
NuMA immunoprecipitates revealed the coassociation of
Cdc27 and Emi1 (Figure S12). Thus, we conclude that
Emi1, NuMA, and Cdc27 mutually associate in mitosis.velopmental Cell 13, 29–42, July 2007 ª2007 Elsevier Inc. 31
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The END Network Regulates APC/C at Spindle PolesFigure 2. Emi1 Forms a Complex with the Spindle Assembly Protein NuMA and the APC/C
(A) Emi1 interacts with Cdc27 and NuMA. Interphase andmitotic HCT116 extracts were immunoprecipitatedwith control preimmune IgG or anti-Emi1
antibodies. Immunoprecipitates were separated by SDS-PAGE and probed for NuMA,Cdc27, and Emi1. The asterisk (*) indicates a nonspecific upper
band detected by the Cdc27 antibody (Figure S10).
(B) Emi1 binds to components of the dynein-dynactin complex in Xenopus cytostatic factor-arrested (CSF) extracts. Purified bacterially expressed
MBP (maltose-binding protein) or MBP-human Emi1 (hEmi1) proteins were coupled to beads and mixed with Xenopus CSF extracts for 1 hr at 4C.
Bead elutions were separated by SDS-PAGE and probed for dynein intermediate chain (IC) and the p50dynamitin subunit of dynactin.
(C) Emi1 interacts preferentially with APC/CCdh1. Interphase andmitotic HCT116 extracts were immunoprecipitated with control preimmune IgG, anti-
Emi1, or anti-Cdc27 antibodies. Immunoprecipitates were separated by SDS-PAGE and probed for APC/C subunits Cdc27 and Cdc23 and coacti-
vators Cdc20 and Cdh1.
(D) Emi1 is required for the interaction between the APC/C and NuMA. Mitotic HCT116 extracts were first immunodepleted using control preimmune
IgG or anti-Emi1 antibodies, then immunoprecipitated using control IgG or anti-Cdc27 antibodies. Immunoprecipitates were fractionated by SDS-
PAGE and probed for NuMA, Cdc27, and Emi1. The diagram illustrates the proposed interactions among Emi1, NuMA, and the APC/C.
(E) Emi1 cofractionates with the APC/C and NuMA in interphase and mitosis by size-exclusion chromatography. Interphase and mitotic HCT116
extracts were fractionated on a Superose 6 gel-filtration column. Fractions were resolved by SDS-PAGE and probed for NuMA, Cdc27, and Emi1.
The upper band in fractions 10–14 (interphase) and 10–12 (mitosis) of the Cdc27 blots is nonspecific. Sizing standards are indicated as megadaltons
(MD) or kilodaltons (kD).Next, we examined whether Emi1 interacted with other
components in the NuMA/dynein-dynactin and APC/C
subcomplexes. First, we tested whether Emi1 would
bind the dynein-dynactin components of the NuMA
subcomplex. Because NuMA associates with dynein-
dynactin via low-affinity interactions (Merdes et al.,
1996), we used the highly concentrated Xenopus egg
extract system to test whether purified Emi1 protein asso-
ciated with dynein/dynactin components. Emi1 bound
with dynein and the p50 subunit of dynactin (Figure 2B),
supporting the notion that Emi1 interacts not only with
NuMA but also with the larger NuMA/dynein-dynactin
subcomplex. Second, we tested the association of
Emi1 with components of the APC/C and its activators.
Emi1 coimmunoprecipitated APC/C subunits Cdc27 and
Cdc23 (Figure 2C), consistent with previous work demon-
strating that Emi1 associates with the APC/C complex
(Miller et al., 2006). Additionally, Emi1 associated prefer-32 Developmental Cell 13, 29–42, July 2007 ª2007 Elsevier Inc.entially with the Cdh1 coactivator (Figure 2C), whereas
Cdc27 bound to both coactivators. Thus, Emi1 inter-
acts with both the NuMA/dynein-dynactin and APC/C
subcomplexes.
To determine whether Emi1 is required to bridge the
interaction between the APC/C and NuMA, we tested
whether NuMA associated with Cdc27 in mitotic extracts
lacking Emi1. In Emi1-immunodepleted extracts, NuMA
no longer coimmunoprecipitated with Cdc27, whereas
NuMA remained associated with Cdc27 in mock depleted
extracts (Figure 2D). These results suggest that the
fraction of Emi1 remaining in mitosis may function to
bridge the NuMA and APC/C subcomplexes. Additionally,
depletion of NuMA frommitotic extracts codepleted Emi1,
whereas Emi1 depletion did not codeplete themore abun-
dant NuMA protein (Figure S13; see below), consistent
with the idea that Emi1 may be a limiting factor in bridging
the NuMA and APC/C interactions.
Developmental Cell
The END Network Regulates APC/C at Spindle PolesTo further characterize the complex of Emi1, NuMA, and
the APC/C in interphase and mitosis, we examined the
cofractionation of these components by size-exclusion
chromatography. Emi1 was distributed into two distinct
complexes in interphase: a smaller Emi1 complex (Fig-
ure 2E, complex B) of 400–800 kDa and a larger Emi1
complex (Figure 2E, complex A) of 2 MDa. In mitosis,
however, the remaining population of Emi1 was present
mainly in the larger complex of 2 MDa that cofractio-
nated with NuMA and Cdc27 (Figure 2E, complex A), sug-
gesting that this complex was preferentially maintained
in mitosis. Using sucrose-gradient centrifugation, we
confirmed that Emi1, NuMA, and Cdc27 cofractionated
as a large 26S complex (Figure S14), in agreement
with our chromatography data. Furthermore, this large
complex was maintained in mitosis, compared to the
reduction of the smaller (<11S) complex. Together, these
fractionation results corroborate our immunoprecipitation
and localization data, supporting the idea that Emi1
preferentially coassociates with NuMA and the APC/C in
mitosis.
The Emi1-NuMA Interaction Contributes
to the Localization of Emi1 at the Poles
and Its Protection from Bulk Destruction in Mitosis
To validate and map the interaction between Emi1 and
NuMA, we first tested the binding of purified, bacterially
expressed Emi1 to in vitro translated (IVT) full-length, as
well as head (1–220), rod (221–1699), or tail (1700–2101)
domains of NuMA. The full-length and tail domain of
NuMA bound to Emi1 (Figure 3A), suggesting a direct,
domain-specific interaction between the two proteins.
To define the interaction of Emi1 within the tail domain,
we tested whether Emi1 binds in vivo to the tail I (1701–
1865) or tail II (1868–2101) subdomains of NuMA (Haren
and Merdes, 2002), and found that Emi1 associated
with the tail II domain in transiently transfected cells
(Figure 3B). Finally, we confirmed a direct interaction
between purified, bacterially expressed Emi1 and NuMA
tail II proteins (Figure 3C). Because the tail II domain of
NuMA binds to and stabilizes microtubules for spindle
assembly (Haren and Merdes, 2002), the interaction
between Emi1 and this domain raises the possibility that
microtubules might modulate the NuMA interaction with
Emi1-APC/C.
To examine the function of the NuMA and Emi1
interaction, we first tested whether NuMA is required for
the localization of Emi1 on the spindle poles.We disrupted
NuMA spindle localization by overexpressing the domi-
nant-negative, N-terminal fragment (1–373) of LGN, a
NuMA-binding protein that binds and inhibits the microtu-
bule-binding domain of NuMA (Du et al., 2002). Emi1 was
similarly dispersed and no longer localized to the spindle
poles in mitosis (Figure 3D), supporting the idea that
NuMA contributes to the pole localization of Emi1. If
NuMA organizes Emi1 at the poles, we further hypothe-
sized that NuMA might also protect this pool of Emi1
from bulk destruction at NEBD. To test this, we asked
whether excess NuMA binding to Emi1 would protectDexogenous Emi1 from premature destruction in mitotic
extracts. Consistent with this idea, prebinding of NuMA
tail II to IVT Emi1 inhibited the destruction of exogenous
Emi1 (Figure 3E) in an in vitro destruction assay (Tung
et al., 2005). Thus, the direct interaction between Emi1
and NuMA through the tail II domain is sufficient to stabi-
lize Emi1, at least in vitro. This is also supported by our
in vivo finding that the overexpression of NuMA tail II
increased the recruitment of Emi1 to spindle poles
(Figure 3F). In contrast, the recruitment of two other
spindle proteins to the pole, HSET and Kif2, was not
nonspecifically increased (Figure S15). We propose that
the Emi1-NuMA interaction contributes to the recruitment
and stabilization of Emi1 on the poles, thereby directing
APC/C inhibition to that site.
Knockdown or Acute Inactivation of Emi1 Disrupts
Spindle Assembly and Chromosomal Congression
To address how Emi1 regulates the mitotic spindle in vivo,
we used RNA interference (RNAi) to examine the popula-
tion of Emi1-depleted cells that had enteredmitosis based
on their degree of DNA condensation, the formation of
a mitotic spindle, and levels of MPM2 and phospho-
histone H3 staining typical of mitotic cells (Figure S16).
Emi1-depleted mitotic cells formed characteristically
skewed and elongated bipolar spindles (Figure 4A). These
contained small microtubule nucleating foci suggestive of
pole fragmentation (Figure 4A, arrows). Spindle disruption
was accompanied by the scattering of chromosomes from
pole to pole, indicating a failure to align at the metaphase
plate. By live-cell imaging, Emi1-depleted cells showed
quasi-coordinated chromosomal movements alternating
from pole to pole every 30–90 min for at least 6 hr
(5/5 cells), suggesting that sufficient microtubule-chromo-
some attachments were present for directed movements
(Figure 4B). Indeed, mitotic cells lacking Emi1 retained
kinetochore microtubules (Figure S18) and 25% of the
attached kinetochores had increased interkinetochore
distances, indicative of force generation and tension
(Figure S19). These results are consistent with a require-
ment for Emi1 in spindle function in early mitosis, but do
not exclude the possibility that Emi1 depletion caused
an earlier defect.
To directly confirm a mitosis-specific requirement for
Emi1, we microinjected primary retinal pigment epithelial
(RPE1) cells shortly before or during NEBD with neutraliz-
ing antibodies raised against the C terminus of human
Emi1. Acute inactivation of Emi1 in mitosis led to a pro-
longed mitotic block (10/10 cells) (Figure 4C). In six of
these ten cells, the duration from NEBD to the initiation
of cytokinesis averaged 221 ± 56 min (mean ± SEM) com-
pared to control cells (23 ± 2 min). In one series, the cell
microinjected with the Emi1 antibody was significantly
delayed in mitosis and initiated an abortive cytokinesis
after 190 min (Figure 4C). These blocks were more pro-
nounced in the other four cells, which remained in mitosis
for 5–9 hr before finally blebbing (data not shown). Exam-
ination of spindle formation postinjection revealed that
all cells injected with the Emi1 antibody (5/5) did notevelopmental Cell 13, 29–42, July 2007 ª2007 Elsevier Inc. 33
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Mitosis
(A) Emi1 binds to the tail domain of NuMA in vitro. In vitro translated (IVT) 35S-labeled full-length (FL) and domains of NuMA (head, rod, and tail) were
mixedwithMBP orMBP-hEmi1 for 30min at room temperature before being pulled downwith amylose beads. Bead elutionswere separated by SDS-
PAGE before autoradiography or Coomassie brilliant blue staining (CBB).
(B) Emi1 binds to the tail II domain of NuMA in vivo. Asynchronous 293T cells were cotransfected with myc or myc-hEmi1 vectors and GFP-tagged
human NuMA (hNuMA) tail I or tail II domain constructs for 48 hr prior to lysis and immunoprecipitation with anti-myc antibodies. The immunoprecip-
itates were separated by SDS-PAGE and probed with anti-GFP and anti-myc antibodies.
(C) Emi1 binds directly to the tail II domain of NuMA in vitro. Bacterially expressed MBP-hEmi1 or MBP control (1 mM each) was mixed with 5 mM
purified His-tagged Xenopus NuMA (xNuMA) tail II domain in binding buffer for 30 min before being pulled down with amylose beads. Eluates
were separated by SDS-PAGE and stained with Coomassie dye to visualize the proteins. The asterisk (*) marks a nonspecific band in the His-xNuMA
tail II preparation that does not associate with MBP-hEmi1.
(D) Disruption of NuMA localization by LGN N terminus overexpression mislocalizes Emi1 in mitosis. Asynchronous HCT116 cells were transfected
with myc-tagged human LGN (hLGN) N terminus (1–373) or control vector for 48 hr prior to staining with anti-myc, anti-Emi1, and anti-a-tubulin
antibodies. Localization of Emi1 to asters/poles was disrupted in 15/15 mitotic cells overexpressing myc-hLGN. The scale bar represents 5 mm.
(E) NuMA tail II domain stabilizes Emi1 destruction in Xenopus cytostatic factor-arrested (CSF) extracts. In vitro translated 35S-labeled hEmi1 was
preincubated with xNuMA tail II or MBP control (2 mM) in buffer for 30 min at room temperature. The preincubated mix was added to CSF extract
supplemented with cycloheximide and incubated at 30C. Aliquots were taken at indicated time points, separated by SDS-PAGE, and visualized
by autoradiography.
(F) Overexpression of NuMA tail II domain recruits Emi1 to spindle poles. Asynchronous HCT116 cells were transfected with control GFP or GFP-
hNuMA tail II constructs for 48 hr prior to staining with anti-Emi1 and anti-a-tubulin antibodies. Poles were identified by a-tubulin staining and the
mean intensity of Emi1 fluorescence was quantified (arbitrary units, A.U.) within the area of each pole. The graph shows the distribution of Emi1
mean intensity fluorescence measurements per spindle pole (n = 10 each) and above are shown corresponding representative Emi1 stainings for
each spindle pole in control and NuMA tail II transfected cells. The scale bar represents 1 mm.form proper bipolar spindles. In one typical example
(Figure 4D), two poles were visible but the spindle
appeared fragmented and poorly formed, resulting in
misaligned chromosomes. These findings corroborate
our siRNA depletion results and support amitosis-specific
requirement for Emi1 in spindle assembly and chromo-
some congression.34 Developmental Cell 13, 29–42, July 2007 ª2007 Elsevier Inc.Emi1 Regulates the Organization of NuMA/Dynein-
Dynactin and Anchoring of the APC/C
to the Spindle Poles
Our observation that defects in Emi1-depleted mitotic
cells resembled those in cells with disrupted dynein-
dynactin function (Echeverri et al., 1996) suggested
that Emi1 cooperates with dynein-dynactin in mitosis
Developmental Cell
The END Network Regulates APC/C at Spindle PolesFigure 4. Disruption of Emi1 Function in Mitosis Demonstrates a Role in Spindle Assembly and Chromosomal Congression
(A) Knockdown of Emi1 disrupts mitotic spindle assembly. Immunofluorescence of asynchronous HCT116 cells transfected with control GFP or Emi1
siRNA for 48 hr. Cells were stained with anti-Emi1 and anti-a-tubulin antibodies. Arrows indicate microtubule-nucleating foci distinct from the spindle
poles and the insets show magnified views of the foci. The spindle phenotype was uniformly observed in cells lacking Emi1 at the poles (n = 120) but
not observed in mitotic cells transfected with control siRNA (n = 120). Specificity of phenotype was confirmed using two different Emi1 siRNA
duplexes (Figure S17). The scale bar represents 5 mm.
(B) Emi1 depletion by RNAi disrupts chromosome congression and mitotic progression. Asynchronous HCT116 cells stably expressing GFP-tagged
histone 2B (H2B) were transfected with either control luciferase (Dharmacon) or Emi1 siRNA. At 48 hr posttransfection, mitotic cells were identified by
DNA morphology, and time-lapse microscopy was performed on these cells for 8 hr at 10 min intervals. On average, cells underwent anaphase by
60 min in the control treated cells (n = 5), while Emi1 siRNA-treated cells did not exit mitosis (n = 5) at the end of the 8 hr time-lapse capture. The
asterisks (*) mark the spindle poles and the arrows indicate the predominant direction of chromosomal movement. Time of capture is indicated as
hr:min. The scale bar represents 5 mm.
(C) Microinjection of anti-Emi1 antibodies in mitosis blocks mitotic progression. Primary human retinal pigment epithelial (RPE1) cells were injected
around nuclear envelope breakdown (NEBD) with preimmune rabbit IgG or an antibody to human Emi1 mixed with rhodamine-dextran as a volume
indicator. The first panel from the left shows the rhodamine fluorescence signal indicating equal amounts of control and anti-Emi1 antibodies were
injected. Time in minutes after NEBD is indicated in the lower right corner of each frame. The scale bar represents 5 mm.
(D) Antibody inactivation of Emi1 in mitosis disrupts spindle assembly. For controls, asynchronous RPE1 cells were fixed and stained with antibodies
to a-tubulin (red) and the DNA counterstained with Hoechst (blue). For antibody inactivation, RPE1 cells were fixed 30–70min after microinjectionwith
anti-Emi1 antibody around NEBD. A representative image from five different experiments is shown. The scale bar represents 5 mm.(Figure S20). To test whether Emi1 is required for NuMA/
dynein-dynactin organization in mitosis, we depleted
Emi1 byRNA interference and examinedwhether dynactin
or its cargo NuMA localized normally to the spindle poles.
In Emi1-depleted cells, the dynactin subunits p50dynamitin
and p150Glued each failed to localize to the poles and
were dramatically dispersed around the mitotic spindle
(Figure 5A), suggesting that Emi1 is required for the orga-
nization of dynein-dynactin at the poles. This effect wasDspecific, as two other motors—HSET and Kif2—remained
localized at the poles when Emi1 was depleted by siRNA
(Figure S21).
Next, we tested whether Emi1 depletion would also per-
turb NuMA localization, and found a similarly dramatic dis-
ruption: NuMA appeared fragmented at the minus ends of
spindle microtubules which did not extend to the micro-
tubule-organizing center (Figure 5B). In contrast, control
cells showed robust and focal localization of NuMA atevelopmental Cell 13, 29–42, July 2007 ª2007 Elsevier Inc. 35
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(A) Emi1 knockdown mislocalizes dynactin subunits. Asynchronous HCT116 cells were transfected with control GFP or Emi1 siRNA for 48 hr. Cells
were stained with anti-p50dynamitin or anti-p150Glued dynactin antibodies, and costained with anti-Emi1. Both p50dynamitin and p150Glued pole locali-
zations were uniformly disrupted in mitotic cells depleted of Emi1 (n = 15 cells each). The scale bar represents 5 mm.
(B) Emi1 depletion disrupts NuMA localization at the poles. Asynchronous HCT116 cells transfected with control GFP or Emi1 siRNA for 48 hr prior to
staining with anti-NuMA and anti-a-tubulin antibodies. Magnified views show NuMA localization (green) and the microtubule-organizing center
(marked as *). Fragmentation of NuMA from at least one pole into smaller foci was consistently observed in mitotic cells depleted of Emi1 (n = 15),
but not in control cells (n = 15). The scale bar represents 5 mm.
(C) Depletion of Emi1 from mitotic HCT116 extracts reduces NuMA-dependent focusing of microtubules in an in vitro aster assembly assay. Mitotic
HCT116 cell extracts were used for immunodepletion with control preimmune IgG or anti-Emi1 antibodies. Taxol and ATPwere added to the extracts,
which were incubated at 30C for 45min to promote aster assembly. Extracts were fixed in methanol, then stained with anti-a-tubulin and anti-NuMA
antibodies. The number of asters per 633 field are shown together with representative images (n = 5 fields each). The scale bar represents 2 mm.
(D) Emi1 depletion disrupts localization of Cdc27 to themitotic spindle. Asynchronous HCT116 cells were transfected with GFP control or Emi1 siRNA
for 48 hr, then stainedwith anti-Cdc27 and anti-a-tubulin antibodies. Localization of Cdc27 to the spindle was disrupted in 15/15mitotic cells depleted
of Emi1, but not in control cells (n = 15). The scale bar represents 5 mm.
(E) Immunodepletion of Emi1 from mitotic HCT116 extracts reduces copelleting of Cdc27 with microtubules. Mitotic HCT116 cell extracts were im-
munodepleted with control preimmune IgG or anti-Emi1 antibodies. Extracts were incubated with Taxol and ATP in combination with buffer or MBP-
hEmi1 at 30C for 30min before centrifugation to pellet microtubules. The supernatant (S) and pellet (P) of each extract were separated by SDS-PAGE
and probed for Cdc27 and a-tubulin.the poles. Taken together, these results indicate that Emi1
is required for proper NuMA/dynein-dynactin localization
in vivo, which is necessary for integration of chromosome-
and centrosome-nucleated microtubule arrays at the
poles.36 Developmental Cell 13, 29–42, July 2007 ª2007 Elsevier IncTo confirm a mitosis-specific Emi1 requirement for
NuMA/dynein-dynactin function, we used an in vitro aster
assembly assay that recapitulates NuMA-dependent
focusing of microtubules into asters (Gaglio et al., 1995).
Mitotic extracts immunodepleted of Emi1 (>90%) did not.
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microtubules (Figure 5C) similar to those observed when
NuMA is immunodepleted from mitotic extracts (Gaglio
et al., 1995). The aster defect was rescued by the addback
of Emi1 protein (see below; Figure 6D). As NuMA was not
codepleted, we conclude that Emi1 is essential for aster
assembly.
The localization of the APC/C to the mitotic spindle
poles requires dynein-dynactin function (Figures 1B and
1C). Given that Emi1 is required for dynein-dynactin local-
ization to spindle poles, we further hypothesized that
perturbing Emi1 function would disrupt APC/C localization
to the spindle. Indeed, Emi1 depletion by siRNA induced
loss of the APC/C marker Cdc27 on the mitotic spindle
(Figure 5D), indicating that Emi1 is required for the proper
organization of the APC/C on the spindle poles in vivo. To
confirm the Emi1 requirement in vitro, we immunode-
pleted Emi1 from mitotic extracts and tested the ability
of Cdc27 to copellet with Taxol-stabilized microtubules.
Emi1 depletion reduced the microtubule binding of
Cdc27 (Figure 5E), whereas the addback of MBP-hEmi1
protein restored APC/C binding to spindle microtubules.
Taken together, these results suggest that Emi1 plays
a key role in organizing the APC/C on the mitotic spindle.
Emi1 Stabilizes Spindle Pole-Associated Cyclin B
and Thereby Prevents Premature Pole Disassembly
Next, we examined how Emi1 regulates NuMA/dynein-
dynactin function by considering a model in which Emi1
inhibits premature APC/C-mediated destruction of sub-
strate(s) essential for NuMA/dynein-dynactin function.
We considered cyclin B a strong candidate because cyclin
B/Cdk1 activity drives NuMA’s ability to crosslink micro-
tubules at the spindle poles (Compton and Luo, 1995), and
the destruction of cyclin B in anaphase leads to NuMA
departure and disassembly of the spindle pole (Gehmlich
et al., 2004).
To test this model, we first asked whether depletion of
Emi1 in mitotic cells alters cyclin B levels in vivo. We
examined the localization of cyclin B in fixed cells retaining
both spindle and cytoplasmic pools, and found that
Emi1-depleted cells showed diffuse cytoplasmic cyclin B
staining similar to control metaphase cells, consistent
with our observation that these cells remained arrested
in mitosis (Figure 6A, left panel). However, quantitative
immunofluorescence revealed that the localization of
cyclin B on the spindle pole was reduced compared to
control metaphase cells (Figure 6A, left panel). To refine
this analysis, we removed the cytoplasmic background
using a pre-extraction protocol and observed a clear
reduction in pole-associated cyclin B levels (Figure 6A,
right panel) and spindle-associated cyclin B between the
poles (Figure 6B) in Emi1-depleted mitotic cells. Thus,
Emi1 depletion in mitotic cells leads to a selective reduc-
tion of spindle- and pole-associated cyclin B, whereas
cytoplasmic cyclin B remains largely unperturbed.
To determine whether this loss of cyclin B following
Emi1 depletion was due to premature destruction, we
immunodepleted Emi1 from mitotic human cell extractsDand assayed cyclin B levels, H1 kinase activity, and aster
formation. Depletion of Emi1 led to a premature loss of
cyclin B levels and a drop in Cdk1 activity by 60 min (Fig-
ure 6C), and resulted in a loss of aster formation (Fig-
ure 6D). Cyclin B levels were rescued by the addback of
MBP-hEmi1 protein (Figure 6C) and by the addition of
the proteasome inhibitor MG132 (data not shown), consis-
tent with APC/C-mediated destruction in Emi1-depleted
extracts. Furthermore, as the other known APC/C in-
hibitors—Mad2 and BubR1—were not codepleted
(Figure 6C), we conclude that Emi1 depletion in mitosis
is the primary cause of APC/C activation and destruction
of cyclin B. Finally, to confirm that cyclin B/Cdk1 activity
is the critical determinant of Emi1’s ability to promote as-
ter assembly in vitro, we added nondestructible cyclin B
to Emi1-depleted mitotic extracts, which was sufficient
to restore aster formation in the absence of Emi1
(Figure 6D). When considered together with our localiza-
tion and interaction data, these results support a model
in which Emi1 stabilizes cyclin B on spindle poles to
enable NuMA/dynein-dynactin-dependent mitotic spindle
assembly.
DISCUSSION
We have identified an essential regulatory pathway, called
the END (Emi1/NuMA/dynein-dynactin) network, which
coordinates the organization of the APC/C and its inhibitor
Emi1 on mitotic spindle poles. This network provides a
critical self-reinforcing mechanism that sustains cyclin B/
Cdk1 activity on the poles to maintain the prometaphase
spindle.
Although the bulk of Emi1 is unstable in early mitosis
(Hsu et al., 2002; Margottin-Goguet et al., 2003), a critical
pool of stable Emi1 (15%) persists beyond NEBD and is
co-organized with the APC/C on the mitotic spindle poles.
The presence of this spindle-associated Emi1 corre-
sponds to a period when APC/C activity toward specific
substrates like cyclin B is strongly limited. We find that
Emi1-APC/C organization at the poles requires the minus
end-directed motor dynein-dynactin, consistent with our
identification of the spindle organizer NuMA, a known
dynein cargo protein, in the Emi1-APC/C complex. Emi1
binds directly to the microtubule-binding tail domain of
NuMA, and this interaction contributes to the localization
of the Emi1-APC/C complex to the spindle pole and the
stabilization of the END-associated pool of Emi1 from
bulk destruction following NEBD.
Experimental inactivation of Emi1 in mitosis results in
disruption of NuMA’s ability to integrate microtubule
arrays at the poles, leading to pole fragmentation and
aberrant spindle formation, indicating that Emi1 is re-
quired for NuMA function in mitosis. We find that Emi1’s
ability to promote NuMA-dependent assembly of microtu-
bule asters is due to its inhibition of APC/C destruction of
cyclin B, as inactivation of Emi1 leads to premature de-
struction of pole-associated cyclin B. Sustaining Cdk1
activity by addition of nondestructible cyclin B bypasses
the requirement for Emi1 and restores aster formation,evelopmental Cell 13, 29–42, July 2007 ª2007 Elsevier Inc. 37
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(A) Knockdown of Emi1 in mitotic cells disrupts cyclin B organization at spindle poles. Asynchronous HCT116 cells were transfected with control GFP
or Emi1 siRNA for 48 hr. Cells were fixed with or without detergent pre-extraction, and stained with anti-cyclin B1 and anti-a-tubulin antibodies. Spin-
dle poles are marked by arrows. For quantitation of cyclin B1 levels, the integrated fluorescence in arbitrary units (A.U.) was sampled from 23 2 mm
regions at the pole and cytoplasm (n = 10 each). Background correction was done using measurements of matched pole and cytoplasmic regions in
anaphase cells. Error bars represent standard error of the mean (SEM). The scale bar represents 5 mm.
(B) Spindle-associated cyclin B is reduced in mitotic cells depleted of Emi1. Asynchronous HCT116 cells were transfected with control GFP or Emi1
siRNA for 48 hr. Cells were fixed with detergent pre-extraction to remove the cytoplasmic pool of cyclin B, then stained with anti-cyclin B1 and anti-
a-tubulin antibodies. The graph shows line intensity measurements taken along an axis intersecting the two poles (marked by arrows). The mean
fluorescence intensities between the poles are shown as arbitrary units (A.U.). The reduction of cyclin B1mean intensity in the spindle region between
the poles is representative of five pairs of control and Emi1-depleted cells that were examined.
(C) Cyclin B is prematurely destroyed in Emi1-depleted mitotic HCT116 extracts. Mitotic HCT116 cell extracts were immunodepleted with control
preimmune IgG or anti-Emi1 antibodies. The depleted extracts were incubated with Taxol and ATP in combination with buffer, MBP-hEmi1, or
D90-cyclin B at 30C. Samples were taken at indicated time points for H1 kinase assays and immunoblotting with anti-cyclin B1, anti-Emi1, anti-
BubR1, and anti-Mad2 antibodies. Samples were taken at 45 min for immunofluorescence analysis (see below).
(D) Emi1 depletion disrupts microtubule focusing of asters, and the addition of Emi1 or nondestructible cyclin B rescues aster formation. Samples
from (C) were fixed and stained with anti-a-tubulin and anti-NuMA antibodies. For each depletion/addback condition, the number of asters per
633 field is shown together with representative images (n = 5 fields each). The scale bar represents 2 mm.38 Developmental Cell 13, 29–42, July 2007 ª2007 Elsevier Inc.
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APC/C Regulation and Spindle Assembly
(A) Localized control of APC/C and cyclin B/
Cdk1 activity by the END network. Following
NEBD, NuMA is transported toward spindle
poles by the dynein-dynactin complex. Emi1
is anchored at the poles by NuMA and local-
ized inhibition of the APC/C by Emi1 permits
spindle-associated cyclin B to accumulate
and maintain high Cdk1 activity. This sustains
NuMA phosphorylation and thus facilitates
NuMA’s ability to organize spindle poles.
END-dependent spindle pole organization
allows coordinated chromosome congression
to the metaphase plate.
(B) Interplay between the END network and
spindle checkpoint signaling. Spindle assem-
bly checkpoint (SAC) proteins are transported
along spindle microtubules (Howell et al.,
2001). The signals from the SAC reinforce END-dependent APC/C inhibition at the poles to maintain spindle-associated cyclin B. Cytoplasmic
APC/C is limited by the Mad2/BubR1 prometaphase timer (Meraldi et al., 2004), but this pool may dynamically exchange with the spindle-associated
APC/C.indicating that the maintenance of cyclin B/Cdk1 activity
by the END network is a critical factor sustaining spindle
pole integrity and bipolar spindle assembly.
The END Network Constitutes a Spatially Organized
Positive Feedback Loop for Cyclin B Stabilization
in Prometaphase
Previous studies have demonstrated that cyclin B/Cdk1
partitions onto the mitotic spindle, but the significance of
this localization has not been well understood (Clute and
Pines, 1999). Our data support a critical role for spindle
pole-associated cyclin B in sustaining NuMA’s ability to
crosslink and integrate microtubules at the poles. Be-
cause the APC/C is also partitioned on the mitotic spindle
and poles, its activity must be restrained to prevent
destruction of cyclin B that similarly partitions onto the
spindle poles. We propose that the maintenance of pole-
associated cyclin B is driven by the organization of the
END network on the mitotic spindle and that this consti-
tutes a critical mechanism for locally restraining APC/C
activity, independent of the canonical spindle checkpoint.
In our model, organization of the END network begins
with Cdk1 activation at NEBDwhenCdk1 phosphorylation
of NuMA mobilizes it from the nuclear matrix and drives
its interaction with the Emi1-APC/C complex (Figure 7A).
Concurrent activation of the dynein-dynactin motor
complex at NEBD transports NuMA poleward, wherein
NuMA anchors the Emi1-APC/C complex at the poles.
Emi1 inhibits APC/C activity to prevent premature de-
struction of pole-associated cyclin B, and this localized
accumulation of cyclin B/Cdk1 activity, in turn, sustains
the phosphorylated state of NuMA critical for its ability
to crosslink and integrate both centrosome- and chromo-
some-nucleated microtubules at the poles (Gehmlich
et al., 2004). Maintenance of Cdk1 phosphorylation of
NuMA further reinforces the stabilization of mitotic Emi1
and the anchoring of Emi1-APC/C to the poles. Together,
cyclin B/Cdk1-dependent assembly of the END networkDeand the END stabilization of cyclin B provide a spatially
restricted positive feedback loop to sustain cyclin B/
Cdk1 activity on the spindle. This regulatory loop is essen-
tial for NuMA-dependent microtubule anchoring at spindle
poles (Figure 7A).
Coupling Organization of the APC/C and Spindle
Assembly to Regulation of the Spindle Checkpoint
Studies have focused on how kinetochore-derived signals
direct APC/C inhibition through the spindle assembly
checkpoint (Lew andBurke, 2003), and potentially through
direct regulation of the APC/C on the kinetochore (Acqua-
viva et al., 2004). However, because spindle checkpoint
signaling is not fully enabled in early mitosis, kineto-
chore-independent mechanisms exist to block premature
cyclin B destruction by the APC/C as the spindle assem-
bles following NEBD (Meraldi et al., 2004). The END net-
work provides a critical mechanism in early mitosis for
the concurrent organization and inhibition of APC/C
activity at spindle poles.
How might spindle pole assembly and END regulation
of the APC/C be linked to the regulation of the spindle
checkpoint? Because the number of unattached kineto-
chores drops as the spindle assembles, eventually,
‘‘wait-anaphase’’ signals from a single unattached kineto-
chore would need to propagate and inhibit the APC/C to
prevent premature mitotic exit. However, the robust
nature of this signal is constrained by the paradoxical
observation that this signal does not freely diffuse across
to a neighboring cell (Rieder et al., 1997). Indeed, recent
biophysical modeling suggests these opposing con-
straints may be satisfied by a locally restricted model in
which kinetochore-generated signals are transported
along spindle microtubules to the pole (Sear and Howard,
2006).
One attractive model of checkpoint signaling is that the
spindle poles may act as signal integration centers that
limit the activity of the APC/C. Kinetochore-derivedvelopmental Cell 13, 29–42, July 2007 ª2007 Elsevier Inc. 39
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may be transported to the END network by microtubule
motors (Howell et al., 2001) to reinforce the inhibition of
the spindle-associated APC/C. Moreover, this spindle-
associated poolmay dynamically exchangewith cytoplas-
mic APC/C, thus contributing to the coordinated inhibition
of the APC/C in conjunction with the checkpoint-indepen-
dent prometaphase timer (Meraldi et al., 2004). We pro-
pose that the END-dependent organization of the APC/C
on the spindle and poles in early mitosis constitutes an
integral step in setting up checkpoint signaling along the
spindle to maximize the processing of diminishing kineto-
chore-derived signals as spindle assembly progresses
(Figure 7B).
APC/C organization on the spindle and poles may serve
additional roles later in mitotic exit. Studies in Drosophila
embryos show that APC/C-dependent destruction of
cyclin B initiates at spindle poles (Wakefield et al., 2000),
and this destruction along spindle microtubules has also
been observed in mammalian cells (Clute and Pines,
1999). These studies suggest that the organization of the
APC/C on the spindle may be crucial for coordinating
rapid destruction of substrates for exit. Indeed, the block
in mitotic progression observed in Emi1-depleted cells
suggests that the disruption in END-dependent APC/C
organization may reflect an impaired exit pathway.
Does Every Spindle Have an END?
Recent data show that knockout of the Emi1 gene in mice
causes very early embryonic lethality with strong defi-
ciencies in mitotic spindles (Lee et al., 2006), consistent
with phenotypes observed in our study. Studies in frog
and mouse oocytes demonstrate a role for Emi1 in the
stability and migration of the meiotic spindle in meiosis I
oocytes (Marangos et al., 2007; Tung and Jackson,
2005). Together, these studies support a conserved role
of the END network in vertebrate organisms using similar
spindle assembly processes.
Could other related pathways function to regulate the
APC/C on the spindle in lower organisms that do not
have obvious Emi1 or NuMA homologs? Recent studies
in Aspergillus (Li et al., 2005) and fission yeast (Mayer
et al., 2006) suggest functional and possibly direct links
between dynein and APC/C regulation. Indeed, inspection
of the conserved homologs of the dynein-dynactin com-
plex indicate the presence of candidate D box destruction
motifs among these proteins. Analogous to Emi1’s ability
to bind the APC/C via its conserved D box (Miller et al.,
2006), other D box-containing proteins may potentially
inhibit the APC/C by acting as a pseudosubstrate. It is
tempting to speculate that dynein-dynactin control of the
APC/C began early with the evolution of the spindle, and
the later appearance of NuMA and Emi1 provided a way
to extend APC/C control in organisms with open mitosis
and larger spindles. The ability to organize the APC/C,
other E3 ubiquitin ligases, and components of the ubiqui-
tin-proteasome system onmicrotubules or at the microtu-
bule-organizing center suggests a broader theme where
the association of substrates and ubiquitination enzymes40 Developmental Cell 13, 29–42, July 2007 ª2007 Elsevier Inis facilitated by microtubule motors to organize the
destruction process in ‘‘destruction factories’’ at the
minus ends of microtubules.
EXPERIMENTAL PROCEDURES
For antibodies, see Supplemental Data.
siRNA, Plasmids, and Purified Proteins
The human Emi1 siRNA used corresponded to nucleotide positions
587–581 (Hsu et al., 2002) of the coding sequence. As a specificity
control, a different duplex corresponding to nucleotide positions
501–521 was synthesized with the ON-TARGETplus modification
(Dharmacon). The GFP control siRNA and the pCS2+myc-hEmi1 plas-
mid used were as described (Hsu et al., 2002). The following con-
structs were gifts: pCS2+myc-Mad2 (G. Fang, Stanford University);
p50dynamitin constructs (R. Vallee, Columbia University); pVEX-CC1
(T. Schroer, Johns Hopkins University), pGFP-histone-2B (G.M.
Wahl, Salk Institute); NuMA constructs (A. Merdes, CNRS-Pierre
Fabre, France). The N terminus of LGN (1–373) was subcloned from
a cDNA library (Origene Technologies). Bacterially expressed malt-
ose-binding protein (MBP), MBP-human Emi1 (hEmi1) fusion protein
(Hsu et al., 2002), His-tagged Xenopus NuMA (xNuMA) tail II domain
(Haren and Merdes, 2002), p50dynamitin (Merdes et al., 2000), and
p150-CC1 (King et al., 2003) were purified as described therein.
Purification of the Emi1 Complex from HeLa Extracts
Purification of the Emi1 complex was performed as described (Miller
et al., 2006).
Cell Culture, Transfections, and Cell Synchronizations
Transfections and synchronizations of HeLa and HCT116 cells were
performed as described (Hansen et al., 2004).
Antibody Microinjection
RPE1 cells (Clontech) were microinjected and analyzed using pub-
lished methods (Khodjakov and Rieder, 2006).
Immunofluorescence and Microscopy
Cells were processed for immunofluorescence as described (Hansen
et al., 2004). Where indicated, detergent pre-extraction was performed
prior to fixation to remove soluble cytoplasmic proteins (Howell et al.,
2001). Image acquisition and analysis were performed using the 3i
Marianas system (Intelligent Imaging Innovations).
Immunoprecipitation, Binding Assays, Gel-Filtration Analysis,
and Sucrose-Gradient Fractionation
Interphase and mitotic lysates were prepared from thymidine- and
Taxol-blocked HCT116 cells, respectively. Immunoprecipitation, gel-
filtration analysis, sucrose-gradient fractionation, and binding assays
using in vitro translated (IVT) proteins, tissue culture overexpression
of epitope-tagged proteins, or purified bacterially expressed proteins
were performed as described (Eldridge et al., 2006; Miller et al., 2006).
Destruction Assay
Xenopus cytostatic factor-arrested (CSF) extract destruction assays
were performed as described (Tung et al., 2005).
In Vitro Aster Assembly Reactions and Microtubule Binding
Assays
In vitro aster assembly and microtubule binding assays were
performed as described (Gaglio et al., 1995) with modifications. For
the microtubule binding assay, bacterially expressed p50dynamitin was
added at 5–20 mM, whereas p150-CC1 protein was used at 2–8 mM
final concentrations. For aster assembly reactions, bacterially
expressed MBP-hEmi1 was added at 300 nM and D90 cyclin B was
used at 1:50 dilution.c.
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